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Abstract
The radiative process responsible for gamma-ray burst (GRB) prompt emission has not been identiﬁed yet. If
dominated by fast-cooling synchrotron radiation, the part of the spectrum immediately below the n nF peak energy
should display a power-law behavior with slope a = -3 22 , which breaks to a higher value a = -2 31 (i.e., to a
harder spectral shape) at lower energies. Prompt emission spectral data (usually available down to ~ –10 20 keV)
are consistent with one single power-law behavior below the peak, with typical slope aá ñ = -1, higher than (and
then inconsistent with) the expected value a = -3 22 . To better characterize the spectral shape at low energy, we
analyzed 14 GRBs for which the Swift X-ray Telescope started observations during the prompt. When available,
Fermi-GBM observations have been included in the analysis. For 67% of the spectra, models that usually give a
satisfactory description of the prompt (e.g., the Band model) fail to reproduce the 0.5–1000 keV spectra: low-
energy data outline the presence of a spectral break around a few keV. We then introduce an empirical ﬁtting
function that includes a low-energy power law a1, a break energy Ebreak, a second power law a2, and a peak energy
Epeak. We ﬁnd aá ñ = -0.661 (s = 0.35), á ñ =( )Elog keV 0.63break (s = 0.20), aá ñ = -1.462 (s = 0.31), and
á ñ =( )Elog keV 2.1peak (s = 0.56). The values aá ñ1 and aá ñ2 are very close to expectations from synchrotron
radiation. In this context, Ebreak corresponds to the cooling break frequency. The relatively small ratio~E E 30peak break suggests a regime of moderately fast cooling, which might solve the long-lasting problem of the
apparent inconsistency between measured and predicted low-energy spectral index.
Key words: gamma-ray burst: general – radiation mechanisms: non-thermal
1. Introduction
The origin of prompt emission from gamma-ray bursts
(GRBs) is still a mystery and represents one of the most
pressing questions in GRB studies. The nature of both the
dissipation and radiative mechanisms has not been ﬁrmly
identiﬁed yet. This lack of knowledge on what is powering and
shaping the prompt radiation is strictly related to a series of
open questions about fundamental properties of GRBs, such as
the jet composition, the location of the dissipation region, the
efﬁciency and nature of the acceleration mechanism, and the
strength and properties of the magnetic ﬁeld in the emission
region. Even though the most natural radiative process
expected to dominate the emission is synchrotron radiation
(Katz 1994; Rees & Mészáros 1994; Sari et al. 1996, 1998;
Tavani 1996), the inconsistency between the observed spectral
shape at low energies and predictions from the synchrotron
theory represents a serious challenge for this interpretation. As
inferred from the spectral analysis, the photon index α
describing the data at low energy (i.e., below the n nF peak
energy) is distributed around a typical value a ~ -1, higher
than the value expected in the case of fast-cooling synchrotron
radiation (Cohen et al. 1997; Crider et al. 1997; Preece et al.
1998; Ghisellini et al. 2000). This result is independent of the
spectral function adopted to ﬁt the spectra (e.g., cutoff power
law, smoothly broken power law, Band function), and it has
been found to be similar from the analysis of the spectral data
collected by different instruments (Preece et al. 1998; Frontera
et al. 2000; Ghirlanda et al. 2002; Kaneko et al. 2006; Nava
et al. 2011; Sakamoto et al. 2011a; Goldstein et al. 2012;
Gruber et al. 2014; Lien et al. 2016; Yu et al. 2016).
The problem has been widely discussed in the literature. The
proposed solutions can be classiﬁed into two types: models that
invoke emission mechanisms different than synchrotron
radiation, and models that propose modiﬁcations to the basic
synchrotron scenario. Among the ﬁrst class of models, we
recall scenarios invoking Comptonization and/or thermal
components (Liang et al. 1997; Blinnikov et al. 1999;
Ghisellini & Celotti 1999; Lazzati et al. 2000; Mészáros &
Rees 2000; Stern & Poutanen 2004; Rees & Mészáros 2005;
Ryde & Pe’er 2009; Guiriec et al. 2011, 2015a, 2015b, 2016a,
2016b; Ghirlanda et al. 2013; Burgess et al. 2014). For the
second class of models (studies that consider synchrotron
radiation) effects producing a hardening of the low-energy
spectral index have been invoked, such as Klein–Nishina
effects, marginally fast cooling regime, and anisotropic pitch
angle distributions (Lloyd & Petrosian 2000; Derishev 2001,
2007; Bošnjak et al. 2009; Nakar et al. 2009; Daigne et al.
2011; Uhm & Zhang 2014). In spite of all theoretical efforts,
there is still no consensus on the origin of the prompt emission.
The advantages and difﬁculties of some of these models have
been recently reviewed by Kumar & Zhang (2015). In spite of
all theoretical efforts, there is still no consensus on the origin of
the prompt emission.
Theoretical studies would beneﬁt from a better characteriza-
tion of prompt spectra, especially in the low-energy part, where
observations are in contradiction with the synchrotron theory.
In this work, we collect a sample of 14 GRBs for which the
X-Ray Telescope (XRT, 0.3–10 keV), on board the Swift
satellite, started observations during the prompt emission,
observed in the range 15–150 keV by the Burst Alert Telescope
(BAT). For these GRBs, we perform spectral analysis of the
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prompt emission from 0.5 to 150 keV, thanks to the joint
analysis of XRT and BAT data, and from 0.5 keV to 1MeV
when observations from the Fermi Gamma-Ray Burst Monitor
(GBM) are available. We ﬁnd that the spectrum below
~10 keV does not lie on the extrapolation of the low-energy
power law of the Band function (or similar functions that
usually provide a satisfactory description of prompt spectra),
but a spectral break around a few keV is required by the
low-energy data.
The paper is organized as follows. In Section 2 we describe
the sample selection. In Section 3 we summarize the method
and procedure adopted to extract the data and perform the
spectral analysis. The results are presented in Section 4 and
discussed in Section 5. The main ﬁndings of this work are
summarized in Section 6.
2. Sample Selection
In order to extend the characterization of prompt spectra
down to the soft X-ray band, we selected a sample of GRBs for
which the prompt emission (or part of it) has been observed by
the XRT in the 0.3–10 keV range, in addition to the BAT in the
15–150 keV energy range. To this aim, we inspected the XRT
light curves of all events detected up to 2016 January reported
in the online Swift-XRT GRB catalog5 (Evans et al. 2009). The
online tool automatically identiﬁes the presence of pulses
(deﬁned as statistically signiﬁcant positive deviations from an
underlying power-law emission) and returns the time intervals
where the pulses are present. This selection resulted in 329
GRBs with at least one signiﬁcant pulse in X-rays.
The scope of the sample selection is to ﬁnd GRBs with
simultaneous signal in the XRT and BAT instruments that can
be combined for a joint spectral analysis. We then checked
whether for these 329 GRBs the emission detected by the XRT
was simultaneously observed also by the BAT. To this aim, we
extracted background-subtracted count rate BAT light curves in
the energy range 15–150 keV. First, using the batgrbproduct
tool, we estimated the bust duration T100, which corresponds to
the duration that contains 100% of the burst emission. Then, we
estimated the count rate outside the T100 time interval and
found that its value is always smaller than ~0.01 counts s–1
detector–1, which is then chosen as reference value. Adopting
as initial time the starting time of XRT observations, we
applied the Bayesian block algorithm (Scargle 1998) to identify
the possible presence of signiﬁcant changes in the BAT signal
during the XRT-detected emission, by requiring a BAT count
rate higher than 0.01 counts s–1 detector–1. This selection
resulted in 77 GRBs with simultaneous signal detected by the
BAT and the XRT.
Since the goal of our study is to perform reliable spectral
analysis combining BAT and XRT data, we further limited the
sample: we required it to have at least four time bins with BAT
signal-to-noise ratio (S/N) larger than 30 during the time
interval where the emission is simultaneously observed by the
BAT and the XRT. The choice of the threshold value
>S N 30 is based on the study of Savchenko & Neronov
(2009), where they show that BAT spectra with >S N 30
return photon indices similar to those of the complete catalog of
BATSE time-resolved spectra (Kaneko et al. 2006).
After applying all these selection criteria, we ended up with a
sample of 15 GRBs. Among these, we excluded GRB130427A
because data extraction for this GRB requires a nonstandard
pipeline processing (Maselli et al. 2014). The ﬁnal sample
includes 14 GRBs (Table 2). In seven cases, Fermi-GBM
observations are also available and have been included in the
spectral analysis.
The light curves of all 14 GRBs are shown in Figure 1. In
each panel we show the XRT (0.5–10 keV; red curve), BAT
(15–150 keV; green), and when available also the GBM
(8–800 keV in blue and 200 keV–1MeV in purple) count light
curves. Note that in most cases XRT observations are available
during the brightest part of the prompt emission, while in the
remaining few cases they cover the less intense part of the
prompt phase. The redshift (available for eight GRBs) ranges
between z=0.725 and z=2.73 (Table 2).
3. Data Extraction and Spectral Analysis
3.1. Swift-BAT and Swift-XRT Data Extraction
The Swift data have been processed using standard
procedures, which we brieﬂy summarize in the following.
We downloaded the BAT event ﬁles from the Swift data
archive.6 We extracted the Swift-BAT spectra and light curves
using the latest version of the HEASOFT package (v6.17). The
background-subtracted mask-weighted BAT light curves have
been extracted in the energy range 15–150 keV using the
batmaskwtevt and batbinevt tasks in FTOOLS. BAT spectral
ﬁles have been produced using the batbinevt task and have
been corrected through the batupdatephakw and batphasyserr
tasks to include systematic errors. Using batdrmgen, we
generated different response matrices for intervals before,
during, and after the satellite slew. The latest calibration ﬁles
(CALDB release 2015 November 13) have been adopted.
The XRT light curves have been retrieved from the Swift
Science Data Centre, provided by the University of Leicester7
(Evans et al. 2009). To extract the spectra, we downloaded the
XRT event ﬁles from the Swift-XRT archive.8 Since for all our
GRBs XRT data are heavily piled up, data from the central
region9 have been excluded (Romano et al. 2006). For each
GRB, the size of the exclusion region has been determined so
that the maximum count rate in the time interval of interest
does not exceed 150 counts s−1. We extracted source and
background spectra in each time bin using the xselect tool. For
each time bin, the ancillary response ﬁle has been generated
using the task xrtmkarf. We excluded from the spectral analysis
all channels below 0.5 keV. In order to use c2 statistics, energy
channels have been grouped together using the grppha tool by
requiring at least 20 counts per bin.
3.2. Fermi-GBM Data Extraction
The GBM is composed of 12 sodium iodide (NaI) and two
bismuth germanate (BGO) scintillation detectors (Meegan et al.
2009). We considered the data from the two NaI dectectors and
the BGO detector with the highest signal. For each detector, we
retrieved the data and the detector response matrices from the
Fermi website.10 We selected CSPEC data, i.e., time sequences
5 http://www.swift.ac.uk/xrt_live_cat
6 http://heasarc.gsfc.nasa.gov/cgi-bin/W3Browse/swift.pl
7 http://www.swift.ac.uk/xrt_curves/
8 http://www.swift.ac.uk/archive/
9 By “central region” we mean the circular region centered on the pixel with
the largest number of counts detected within the time of interest (Romano et al.
2006).
10 http://fermi.gsfc.nasa.gov/
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of 128 energy-channel spectra with integration time of 1024 ms
each. Channels with energies in the range 8–800 keV and
200 keV–1MeV were selected for the NaI and BGO detectors,
respectively. The extraction of spectra and light curves has
been performed using RMFIT (v4.3.2). We selected pre- and
post-burst data to model the background and ﬁt an energy- and
time-dependent polynomial. Spectra and background ﬁles have
been exported from RMFIT to XSPEC(v12.7.1) format in order
Figure 1. Background-subtracted light curves of the 14 GRBs analyzed in this work. The time refers to the BAT trigger. Swift-XRT light curves (in the range
0.5–10 keV) are shown in red, Swift-BAT (15–150 keV) in green, Fermi-GBM (8–800 keV) in blue, and Fermi-GBM (200 keV–1 MeV) in purple. The time intervals
where spectral analysis has been performed (light-blue shaded areas) have been determined on the basis of an S/N criterion applied to BAT data.
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to ﬁt GBM spectra jointly with BAT and XRT spectra. The
extraction of GBM spectra is compliant with the standard
procedures adopted in the literature (e.g., Goldstein et al. 2012;
Gruber et al. 2014). Energy channels have been grouped
together using the grppha tool by requiring at least 20 counts
per bin.
3.3. Spectral Analysis
The spectral analysis has been performed using XSPEC
(v12.7.1). To account for intercalibration uncertainties between
the different instruments, we introduced multiplicative factors in
the ﬁtting models. In particular, when GBM data are not
available, we multiplied the XRT model by a factor left free to
vary between 0.9 and 1.1. When GBM data are available, we
froze to 1 the factor between XRT and BAT and multiplied the
GBM model by a free factor. Inspecting the results inferred from
the best-ﬁt models, we found that in all cases the calibrations
between the GBM and XRT/BAT agree within 15%.
The time intervals for the temporally resolved analysis have
been deﬁned so that in each bin the BAT S/N is larger than 30.
Moreover, when possible, we redeﬁned the time bins (provided
that the criterion on the BAT S/N is always satisﬁed) in order
not to mix the rising and decaying parts of a pulse, or, if a pulse
is composed by the superposition of many spikes, in order not
to mix different spikes. The analysis was applied also to the
initial part of the emission, before XRT observations started.
Time intervals selected for the analysis are outlined in Figure 1
with gray-shaded areas. The total number of time-resolved
spectra analyzed is 128. For 86 of these, XRT data are
available.
In the following, we explain in detail how the spectral
analysis has been performed. First, we discuss the method
adopted to account for absorption in the soft X-ray band. Then,
we introduce the spectral models and the criteria adopted for
the selection of the best-ﬁt model.
3.3.1. Absorption Model
For GRBs with known redshift, we accounted for both
Galactic and intrinsic metal absorption using the XSPEC
models tbabs and ztbabs, respectively (Wilms et al. 2000). The
Galactic contribution to absorption in the direction of the burst
has been estimated from Kalberla et al. (2005). The intrinsic
absorption has been ﬁxed to the value estimated from spectral
analysis of late-time (104 s) XRT data (Butler &
Kocevski 2007). During XRT pulses, indeed, if the intrinsic
NH is left as a free parameter, a dramatic variation (even by a
factor of 10) of its value is often observed. While an increase of
NH could be induced by photoionization effects of the
circumburst medium by the prompt radiation (e.g., Perna &
Lazzati 2002; Lazzati & Perna 2003; Perna et al. 2003;
Frontera et al. 2004), a fast decrease of NH is more difﬁcult to
explain. This could hide a temporal evolution of the spectrum,
e.g., the passage of any spectral break across the XRT energy
band (Butler & Kocevski 2007). Therefore, the best estimate of
NH could be obtained when there is no strong spectral evolution
and the light curve is well described by a simple power-law
decay. We chose the latest-available XRT time interval
(provided that no spectral evolution is apparent and the light
curve is well described by a power-law decay) and modeled the
extracted spectrum with an absorbed power law. When
extracting the late-time spectrum, we considered an integration
time large enough to constrain the intrinsic NH. This value of
NH has then been used as an input (ﬁxed) parameter for the
early-time spectral analysis.
For GRBs with unknown redshift, the late-time X-ray
spectrum has been ﬁtted by applying the tbabs model only. We
veriﬁed that in all cases the best-ﬁt value of NH derived from
this ﬁt was larger than the Galactic value estimated from
Kalberla et al. (2005). This value of NH has then be used as a
ﬁxed input parameter for early-time spectral analysis, where
this time only the tbabs model was applied.
For each GRB, the value of the intrinsic NH inferred from
late-time data and the late-time interval (LTI) chosen for the
analysis are listed in Table 2.
3.3.2. Spectral Models
Spectral models commonly applied to GRB prompt spectra
include a single power law (PL), a power law with an
exponential cutoff (CPL), and a Band function (Preece et al.
2000; Kaneko et al. 2006; Nava et al. 2011; Goldstein et al.
2012; Gruber et al. 2014; Bhat et al. 2016; Lien et al. 2016).
These empirical models usually return a satisfactory ﬁt to most
spectra. However, as we will show in the following, all these
models are in most cases inadequate when the energy range
available for the analysis is extended down to 0.5 keV by the
inclusion of XRT data. Stated differently, XRT spectra do not
lie on the low-energy extrapolation of the spectral shape
deﬁned by >10 keV data. A spectral break in the soft X-ray
band must be introduced in order to ﬁt with one single spectral
component the prompt spectrum from ∼0.5 keV to ∼1MeV.
We then extend the standard models (PL, CPL, and Band) to
include a low-energy break. This leads us to introduce three
additional models: a broken PL (BPL), a CPL with a break at
low energies (BCPL), and a Band model with a break at low
energies. However, the high-energy spectral index of the Band
model and that of the Band model with a low-energy break are
always unconstrained. This is due to the fact that for half of the
sample, GBM data are not available. Moreover, even when
they are available, the relatively small S/N of the time-resolved
analysis makes it difﬁcult to constrain the value of β. The value
of b is constrained in a few cases where a BPL is the best-ﬁt
model. We also tried to apply a smoothly broken power-law
model with a high-energy cutoff, but we did not succeed in
constraining the smoothness parameter and/or the shape of the
spectrum below the break energy. Summarizing, we found that
all the spectra analyzed in this work are well described (i.e., the
best-ﬁt model gives a reduced chi-square c < 1.15red2 , except
for one case, where c = 1.3red2 ) by one of the following four
models: PL, CPL, BPL, or BCPL (see Figure 2).
We use the following conventions. A photon index is called
α if its value is larger than −2 in the notation n n nµ a( )dN d ,
where dN represents the photon number (i.e., α identiﬁes a part
of the spectrum that is rising in the n n=n nF N2 representation).
If there are two (consecutive) segments where the spectrum is
rising (which is a common case in our analysis), we call them
a1 and a2. The break energy that separates these two rising
power-law segments is called Ebreak. Following the traditional
notation, when the spectrum has a peak in n nF , we refer to it as
the peak energy Epeak. Finally, we use the letter β when the
photon index is lower than −2 (i.e., describing a part of the
spectrum that is decreasing in n nF ). We found a few cases
where the photon spectral index has a value around −2. In
4
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these cases, we refer to it as β if it is smaller than −2 within 1σ
error.
A schematic representation of all the models, the notation,
and different cases found in our analysis is shown in Figure 2.
As can be seen in this plot, a BPL model can describe two
different situations: either both indices are >-2 (a1 and a2,
separated by a break energy Ebreak), or the ﬁrst index is >-2
and the second one is<-2 (in this case we call them α and β,
and they are separated by the peak energy Epeak). For PL, CPL,
and BCPL models, instead, we ﬁnd only cases where the
photon indices are >-2.
We ﬁtted all the time-integrated and time-resolved spectra to
all the models, and for each spectrum we identiﬁed the best-ﬁt
model. In general, the F-test is used to compare different
models and choose the best one, but only when the models to
be compared are nested (Protassov et al. 2002). Since we are
testing the existence of a new feature (i.e., a spectral break), we
decided to perform a conservative analysis and set at 3σ the
signiﬁcance level of the F-test required to select a more
complex model. In Appendix B (Figure 8) we provide a
scheme of the method applied to determine the best-ﬁt model.
We start with the simplest function (PL) and consider
progressively more complex functions. A single PL can be
generalized in two different ways: by adding a break or by
adding a high-energy exponential cutoff. In both cases the ﬁt
obtained with the resulting model (BPL and CPL, respectively)
can be compared with the PL ﬁt through an F-test. Depending
on the result of the comparison, different cases are possible:
1. Neither of the two models signiﬁcantly (at more than s3 )
improves the ﬁt. In this case the best-ﬁt model is a PL.
2. Only one of the two models improves the PL ﬁt. We then
select this model (either a CPL or BPL) and compare it to
the ﬁt performed with a BCPL, through an F-test. A
BCPL model is chosen only if the improvement is
signiﬁcant at more than s3 .
3. Both models (CPL and BPL) improve the PL ﬁt. First, we
compare them to each other. Note that they are not
nested, and the F-test cannot be performed. Since the
number of parameters is different (3 for the CPL and 4 for
the BPL), if the total c2 of the BPL is the largest between
the two, then a CPL is preferred and is compared to the
BCPL. In the opposite case (c c>CPL2 BPL2 ), we separately
compare each of them to the BCPL ﬁt. If the BCPL
signiﬁcantly improves both of them, then we choose the
BCPL. If the improvement over a CPL is signiﬁcant but
the improvement over a BPL is not, it means that the
spectrum has a signiﬁcant break, but not a signiﬁcant
exponential cutoff, and a BPL is then chosen. If the
opposite case is veriﬁed (BCPL is better than a BPL but
not better than a CPL), it means that a high-energy cutoff
is clearly present, while the low-energy break is not
signiﬁcant. A CPL is then chosen. The validity of this
method is conﬁrmed by the inspection, case by case, of
the shape of the residuals. A peculiar situation (which is
realized only in six spectra) is provided by the case when
a BCPL is not improving either the CPL or the BPL ﬁt,
and one of the latter models must be chosen. In these
cases, we inspect the residuals and choose the model ﬁt
for which the residuals do not show evidence of
systematic trends.
We veriﬁed that for all spectra the selected best-ﬁt model
gives a reduced chi-square c < 1.15red2 , except for one case,
where c = 1.3red2 (see Figure 13).
4. Results
We ﬁrst present and discuss in detail the results of our
analysis applied to one event, GRB140512A, as an example.
In the second part of this section, we present the results
obtained by applying the same analysis to all GRBs in our
sample. For all time-integrated and time-resolved spectra, the
results (best-ﬁt models, parameters, and ﬂuxes) are reported in
Table 3.
4.1. GRB 140512A
The light curve of GRB 140512A is composed of two
separated emission episodes (see the top panel of Figure 4), which
we call the ﬁrst and second pulses. During the ﬁrst pulse, only
BAT and GBM observations are available. For the second episode
(where most of the radiation is emitted) there are also XRT data.
First, we discuss the time-integrated spectral analysis, which has
been performed on the two pulses separately. The time intervals
chosen for the analysis are shown by the cyan-shaded regions in
Figure 4 (top panel). The time-integrated spectra of each pulse are
shown in Figure 3. The spectrum of the ﬁrst pulse (top left panel)
is well ﬁtted by a CPL model (solid line, c = 196.92 , for 317
degrees of freedom [dof]), which, according to the F-test,
improves the PL ﬁt (c = 235.02 , for 318 dof) with a s3
signiﬁcance. We note that both the PL model and CPL model
overﬁt the data, since they result in a c < 1red2 . A Band model
does not improve the CPL ﬁt (i.e., a high-energy power law is not
required by the data). The best-ﬁt parameters are a = - -+1.09 0.110.12
and = -+E 439peak 134293 keV.
In the second pulse, a CPL model (top right panel in Figure 3)
appears adequate for the description of >8 keV data, but cannot
account for the harder spectral shape characterizing the XRT
band. The CPL model returns c = 613.62 ( =dof 480) and
Figure 2. Summary of the four spectral models adopted in this work, and
deﬁnition of the adopted notation for the spectral indices and characteristic
energies. Each one of the analyzed spectra is well described by one of these
models. From top to bottom: a broken power law with a high-energy
exponential cutoff (BCPL; green), a cutoff power law (CPL; orange), a broken
power law (BPL; blue), and a single power law (PL; red). For the BPL model,
we found two different cases in our analysis: both indices are larger than −2 (in
this case they are called a1 and a2), or the ﬁrst index is >-2 and the second
one is<-2 (in this case they are called α and β, respectively). The percentages
quoted next to each model name refer to time-resolved analysis for periods
where XRT data are available.
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shows a systematic trend in the residuals (deﬁned as the difference
between the data and the model, divided by the error, and shown in
the bottom sections of each spectrum). We then allow for a spectral
break at low energies and verify that a BCPL model (bottom right
panel) gives a signiﬁcantly better description of the data. For this
model c = 442.82 ( =dof 478), corresponding to an improve-
ment (with respect to the CPL one) of s8.4 signiﬁcance.
The best-ﬁt parameters are = -+E 7.18break 1.01.12 keV, a =1
a- = - -+0.76 , 1.26 0.040.040.05 2 , and = -+E 532peak 123190 keV.
The curvature below ∼3 keV visible in the data and in the model
is due to the absorption, which we inferred to correspond to
= ´N 4.4 10H 21 cm−2 from the spectral analysis of the data
accumulated between ´2.8 10 s4 and ´3.3 10 s5 (see Table 2).
For convenience, for the BCPL ﬁt we also show (bottom left
panel) the de-absorbed model and data, so that the intrinsic shape
of the spectrum can be better appreciated.
The results of time-resolved spectral analysis performed on
each pulse are shown in Figure 4 (middle and bottom panels,
respectively). The ﬁrst pulse is divided into two time bins. In
both bins, the spectra are best ﬁtted by a CPL. The second
pulse is divided into nine time bins. In seven cases, the best-ﬁt
model is a BCPL. In the remaining two cases, a CPL model is
chosen, because the addition of a low-energy break improves
the ﬁt with a 2σ signiﬁcance, which, according to our 3σ
requirement, is not sufﬁcient to claim the presence of a break.
The spectral indices as a function of time are plotted in the
middle panel of Figure 4. When the best-ﬁt model is a BCPL,
the spectral index a2 (stars), representing the spectral shape just
below the peak energy, is softer as compared to the standard
value a - 1, i.e., we ﬁnd a- < < -1.5 12 . At lower
energies, below the break energy, the spectral slope (squares)
is higher and spans the range a- < < -0.9 0.21 (this range
includes the s1 statistical uncertainty on the smallest and
largest measured values of a1). The break energy Ebreak (bottom
panel, pentagons) assumes values between 2 and 20 keV, while
for the peak energy Epeak (circles) we found standard values,
between 200 keV and 1MeV. For the ﬁrst six time bins of the
second pulse, the spectra and their modeling with different
Figure 3. Time-integrated spectral analysis performed separately on the ﬁrst and second pulses of GRB140512A (see the light curve in Figure 4). The bottom sections
of each panel show the ﬁt residuals (see text). The joint BAT (green) and GBM (blue and purple, corresponding to the NaI and BGO detectors, respectively) spectrum
of the ﬁrst pulse (integrated from = -t 21.05 s to =t 10.70 s since BAT trigger time) is shown in the top left panel. During this temporal window, XRT data are not
available. The spectrum is well modeled by a CPL (black line). The other three panels show the spectrum integrated during the second emission episode (i.e., from
=t 102.86 to =t 158.16 s). In this time interval, XRT observations are available and are included in the analysis (red data points). The ﬁts with a CPL (top right
panel) and with a BCPL (bottom right panel) are shown. For this last ﬁt, the de-absorbed model and data are shown in the bottom left panel.
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spectral models are shown in Appendix C (Figure 9). The six
different rows refer to the six different time bins. For each time
bin, the three panels show the ﬁts and residuals obtained with a
CPL (ﬁrst panel), BPL (second), and BCPL (third) model. In
these six time bins, the best model is always the BCPL.
4.2. Whole Sample
The results of the spectral analysis on time-integrated and
time-resolved spectra for the entire sample (14 GRBs) are
reported in Table 3. For each spectrum, we report the time
interval, the name of the best-ﬁt model, the best-ﬁt parameters,
the ﬂux, and the instruments included in the analysis.
We ﬁrst comment on the results for time-integrated spectra.
For almost all GRBs, two integration windows can be deﬁned:
a ﬁrst one where XRT has not started observations yet (and
only BAT and eventually GBM data are available), and a
second one where also XRT observations are available and
have been included in the analysis. We note that all time-
integrated spectra accumulated over epochs lacking XRT
observations have best-ﬁt functions represented by one of the
standard models (PL or CPL). Conversely (with only two
exceptions represented by GRB 100906A and GRB 121123A),
in spectra integrated over times where XRT observations are
available, a break energy Ebreak is ﬁrmly identiﬁed (i.e., the best
model is either a BCPL or a BPL with both indices>-2, and
the signiﬁcance of the improvement as compared to models
without a break is larger than 3σ).
We also performed time-resolved analysis and found that for
time bins with XRT the best-ﬁt model is a PL in 4 cases, a CPL
in 17 cases, a peaked BPL in 7 cases, a BPL (with
a a > -, 21 2 ) in 31 cases, and a BCPL in the remaining 27
cases. This means that in 67% of the time-resolved spectra that
take advantage of the presence of XRT observations, a break
energy Ebreak is found and is ﬁrmly constrained. The
signiﬁcance of the break is higher than 5σ in 65% of cases,
while in the remaining cases it is between 3σ and 5σ. For all
GRBs except one (GRB 100906A) we can constrain the break
energy at least in one time-resolved spectrum. Conversely,
when XRT is not available, a break energy is never found, and
the best-ﬁt model is either a PL (15 cases) or a CPL (27 cases).
For the time-resolved spectra of all GRBs included in the
sample, we show in Figure 5 the distributions of the best-ﬁt
parameters. We ﬁt the distributions with Gaussian functions
and report the mean values and s1 widths in Table 1. The Epeak
distribution (blue histogram in the left panel of Figure 5) peaks
at~120 keV, a value larger than that found in the BAT catalog
(~80 keV; Lien et al. 2016), reﬂecting the fact that for half of
the GRBs included in the sample GBM data are available,
allowing the determination of Epeak even when its value is
above the BAT high-energy threshold. The inclusion of XRT
data allowed us to ﬁnd the low value <E 20peak keV, whose
Figure 4. Results of the time-resolved spectral analysis of GRB140512A. The top panel shows the XRT (red), BAT (green), and GBM (blue and purple) light curves.
The shaded vertical stripes show the time intervals selected for the time-averaged spectral analysis of the ﬁrst and second pulses (the corresponding spectra are shown
in Figure 3). The dashed vertical lines show the time bins selected for the time-resolved spectral analysis. In the ﬁrst interval, XRT data are not available. The middle
and bottom panels show the best-ﬁt parameters (photon indices and break/peak energies, respectively) with s1 level errors.
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measure is usually precluded by analysis of GBM, BATSE, or
BAT data alone, but whose existence has been already proven
by the analysis of HETE data (Sakamoto et al. 2005) and X-ray
ﬂares (Butler & Kocevski 2007; Margutti et al. 2010).
The pink histogram (left panel of Figure 5) shows the
distribution of the break energy Ebreak. We ﬁnd that its logarithmic
mean value corresponds to á ñ ~E 4break keV and its distribution
spans one order of magnitude, from 2 to 20 keV. The largest value
found for Ebreak is then at the bottom edge of the BAT sensitivity
range. This implies that BAT or GBM observations alone would
not be sufﬁcient to ﬁrmly reveal the presence of the break. The
Ebreak distribution covers the whole XRT energy range, down to2 keV. Values smaller than ∼2 keV cannot be recovered.
The right panel of Figure 5 shows the distribution of the
spectral indices. We distinguish between a a a, ,CPL PL 1, and a2
(see their deﬁnition in Figure 2). The distribution of β (not shown)
is ﬂat and ranges from −2 to −3. Consistently with previous
spectral catalogs, the mean value for aCPL is around −1, and the
mean value of aPL is softer, around −1.5 (see Table 1). When
Ebreak is identiﬁed in the spectrum, the slope below and above the
break (a1 and a2, respectively) can be deﬁned. Their mean values
are aá ñ = -0.661 (s = 0.35) and aá ñ = -1.462 (s = 0.31).
Remarkably, these mean values are very close to expectations
from synchrotron emission in a regime of fast cooling:
a = -0.671syn and a = -1.52syn (vertical dashed lines). This
naturally leads us to identify the peak energy Epeak with the
characteristic synchrotron frequency corresponding to the mini-
mum frequency nm of the nonthermal accelerated electrons, and
the break energy Ebreak with the cooling break frequency nc.
However, we note that the distributions are wide and there are 14
cases with a > -0.671 (at more than s1 ), which cannot be
interpreted as nonthermal emission spectra.
We note that the distributions of data points in both panels of
Figure 6 lie far from the equality line. The gap between the
points and the line could be, in principle, ﬁlled with points, but
if Epeak and Ebreak are very close to each other, it is hard to
distinguish them and ﬁnd a1 and a2 from spectral analysis.
Correlations among model parameters are investigated in
Figure 6. For those spectra where both Ebreak and Epeak are
constrained, the two quantities are plotted one versus the other
in the left panel. Note that Epeak spans over 2 decades, while
Ebreak is conﬁned to a narrower range (one order of magnitude).
This narrow range is clearly limited by the instrument energy
threshold: values smaller than~1keV cannot be recovered. An
upper bound to Ebreak in principle is not present. The lack of
break energies in excess of 20 keV might then suggest that
these values are intrinsically not present, which would also
explain why these breaks have not been identiﬁed so far, with
instruments sensitive at energies from 8 keV up.
In the right panel of Figure 6, circles show the relation
between a1 and a2 for spectra modeled with either a BCPL or a
BPL with both indices larger than −2. Cases where the best-ﬁt
model is a BPL with a high-energy index smaller than −2 are
shown with squares and refer to α versus β.
For each time-resolved spectrum, we also estimate the
unabsorbed ﬂux, in the energy range 0.5 keV–10MeV. When the
GBM data and/or XRT data are not available, this requires an
extrapolation of the best-ﬁt model up to 10MeV and/or down to
0.5 keV. If the best-ﬁt model is a peaked (in n nF ) function, we
perform the extrapolation. The value obtained (and its error) is
reported in Table 3. When the peak energy is not constrained, we
estimate a lower limit and an upper limit to the 0.5 keV–10MeV
ﬂux and report their values in Table 3 within square brackets. The
lower limit is estimated by integrating the best-ﬁt model only in the
energy range where data are actually available (i.e., no extrapolation
is performed). The upper limit is instead estimated by extrapolating
the best-ﬁt model up to 10MeV and/or down to 0.5 keV.
Figure 7 (left panel) shows the peak and break energies as a
function of the ﬂux. It has been shown in several studies
(Ghirlanda et al. 2010, 2011a, 2011b) that in single GRBs a
correlation between the time-resolved Epeak and the instanta-
neous ﬂux is present. We mark different GRBs with different
Figure 5. Distributions of the best-ﬁt parameters for all time-resolved spectra. Left panel: distributions of the peak and break energies are shown by the blue and red
histograms, respectively. Right panel: photon index distributions. Different histograms refer to different models, according to the legend (refer to Figure 2 for the
notation). Dashed black lines show the values of the spectral slopes theoretically expected below and above the cooling break energy in fast-cooling synchrotron
emission.
Table 1
Summary of the Mean Values and s1 Width of the Gaussian Fits to the Best-ﬁt
Parameters of Interest
Parameter Mean Value σ
Elog peak 2.07 0.56
Elog break 0.63 0.20
a1 −0.66 0.35
a2 −1.46 0.31
aPL −1.47 0.20
aCPL −1.08 0.23
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colors and verify that such a correlation is present also in our
sample (circles). The investigation of the existence of a similar
correlation also for Ebreak (stars) is more difﬁcult, given the
small range spanned by Ebreak and the smaller number of
points. For the subsample of GRBs with measured redshift, we
estimate the rest-frame characteristic energies (Epeak
rest and Ebreak
rest )
and plot them as a function of the luminosity (Figure 7, right
panel). A standard ﬂat LCDM cosmological model with
W =L 0.69 and =H 680 kms−1Mpc−1 has been adopted for
the estimate of the luminosity distance.
5. Discussion
5.1. Reliability of the Analysis
The necessity to introduce low-energy breaks in the spectral
models is motivated by a hardening of the spectra in the XRT
energy range. One might wonder if such a hardening can be the
result of an incorrect estimate of the NH and/or an insufﬁcient
correction for pileup. The fact that the value of Ebreak ranges from
2 to 20 keV and varies with time during a single GRB might
suggest that these breaks are intrinsic features. In any case, to test
how robust are our results against possible absorption and pileup
effects, we performed a series of tests, which conﬁrmed the
solidity of our claim on the spectral hardening at low energy. We
brieﬂy summarize here the tests performed and the results
obtained; see Appendix D for more details.
A hardening in the observed soft X-ray spectrum can be caused
by pileup effects when two or more low-energy photons are
detected as one single photon of higher energy. To avoid this
effect, we excluded a region at the center of the PSF, large enough
to lower the maximum count rate down to 150 counts s−1, so that
effects of pileup are negligible (Romano et al. 2006). A simple test
consists in further lowering the maximum count rate and verifying
that the results of spectral analysis do not change. We applied this
test to one bright event (GRB 140206A) and two fainter events
(GRB 110102A and GRB 140512A) and found that the results are
unchanged: by progressively decreasing the maximum count rate
down to 70 counts s−1, the presence of a spectral break in the
XRT band is always signiﬁcant. Moreover, we ﬁnd that, within
the errors, its location is unaffected. In Appendix D, we show as
an example the results of this test applied to one time-resolved
spectrum taken from GRB140512A (Table 4).
A spurious hardening in the soft X-ray band can also be caused
by an incorrect estimate of the amount of absorption by neutral
hydrogen. Absorption is energy dependent and can then produce
a curvature in the observed spectrum below a few keV,
depending also on the redshift of the source. There is then a
degeneracy between the amount of absorption and the intrinsic
Figure 6. Correlations among best-ﬁt parameters for time-resolved spectra. Left panel: peak energy Epeak vs. break energy Ebreak for spectra in which both spectral
features are constrained (i.e., spectra ﬁtted by a BCPL). Right panel: a1 vs. a2 (circles) for those spectra best modeled by either a BPL or a BCPL. Squares show
instead α vs. β for cases where the best ﬁt is a BPL with high-energy index <-2. In both panels, the solid blue line shows the identity line.
Figure 7. Left panel: time-resolved peak (circles) and break (stars) energies plotted as a function of the ﬂux (estimated in the energy range 0.5 keV–10 MeV). Right
panel: for those GRBs with measured redshift, the rest-frame peak and break energies plotted as a function of the luminosity. In both panels, different colors are used
for different GRBs.
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spectral curvature. If absorption is underestimated, a curvature in
the spectral model must be introduced in order to model the data.
Conversely, to fail in recognizing the presence of a spectral
break/curvature and/or spectral evolution in the intrinsic
spectrum leads to overestimating the value of NH (Butler &
Kocevski 2007). In our analysis, we have estimated the column
density from late-time X-ray spectra, selecting a region where the
light curve decays in time as a power law and the photon index is
roughly constant. The derived value has then been used as a ﬁxed
input parameter for the joint XRT+BAT spectral analysis.
In order to test whether an underestimate of the NH is at the
origin of the spectral breaks we found, we propose two different
tests, which we have applied to GRB140206A, GRB110102A,
and GRB140512A. As an example, we show in Appendix D the
results of these tests applied to the time-averaged spectrum of
GRB140512A integrated from 102.86 to 158.16 s (corresponding
to the second pulse). In the ﬁrst test, we considered the intrinsic
absorption as a free parameter, rather than ﬁxing its value to the
one found from spectral analysis of late-time data. We modeled
the spectrum with both CPL and BCPL models and found that
adding a low-energy break signiﬁcantly improves the ﬁt at more
than s8 (see Figure 10). In the second test, we compared the CPL
and BCPL ﬁts obtained after excluding the X-ray data below
3 keV. Also in this case, an F-test reveals that the presence of the
break is statistically signiﬁcant ( s6 ; see Figure 11).
5.2. Comparison with Previous Studies
XRT+BAT joint spectral analysis of simultaneous observa-
tions has been already performed in several studies. However,
to our knowledge, this is the ﬁrst time that break energies in the
XRT energy range are identiﬁed as a common feature. In this
section we address the question why this X-ray hardening—
which, according to our investigation, appears to be a common
feature—has never been reported before.
For GRBs in our sample for which the XRT+BAT joint
spectral analysis has been already performed and published in
previous papers, we report in Appendix E a detailed comparison
between previous model ﬁts and the ﬁts proposed in this work.
Here, we summarize the results of such a comparison. We found
that in some cases breaks have been indeed identiﬁed in studies
focusing on single GRBs (Page et al. 2007; Starling et al. 2008;
Zheng et al. 2012). Systematic studies of larger samples of GRBs
whose ﬂaring activity was detected simultaneously by BAT and
XRT have been performed by Friis & Watson (2013) and Peng
et al. (2014). These analyses proposed, for most of the spectra, a
two-component model including a blackbody (BB) and a
nonthermal component (see also a similar model proposed by
Guiriec et al. (2016b) to explain the spectrum of GRB 110205A).
The reason why two completely different models can both
account for the same data can be understood from Figure 12,
showing the same spectrum ﬁtted with a BPL (left panel) and with
a BB+PL (right panel). In general, the role of the BB is to
contribute to the ﬂux at intermediates energies, while the PL
segment of the nonthermal component dominates at low and high
energies. The total spectrum then mimics the shape of a BPL.
To better compare the two different interpretations (one-
component models invoking breaks [B(C)PL] and two-component
models including a BB and an unbroken nonthermal component
[BB+(C)PL]), in Appendix E we consider all time-resolved
spectra for which we found the presence of a spectral break and
reﬁt them with a BB+(C)PL.
We ﬁnd that in these ﬁts the role of the BB is to contribute to
the ﬂux at low energies, modifying the low-energy PL behavior of
the nonthermal component producing an overall change in the
spectral slope. The empirical ﬁtting function proposed in this work
suggests an alternative description of the data, where the overall
spectrum can be modeled with one single component (nonthermal
with a low-energy break), with a spectral shape resembling the
one predicted by the synchrotron model. A simple comparison of
the reduced chi-square values (Figure 13) shows that both models
return acceptable ﬁts, with a tendency of single-component
models proposed in this work to give a smaller chi-square. We
stress that a completely different case is represented by GRBs
where a BB component has been clearly identiﬁed (Ghirlanda
et al. 2003, 2013; Ryde et al. 2010; Guiriec et al. 2016a) and
dominates the emission (typically in the initial phase of the
prompt). The presence of a thermal component in a small fraction
of GRBs is not called into question by our ﬁndings. Conversely,
however, we suggest that the addition of a blackbody component
when not explicitly required can hide important features, such as
spectral breaks, which might shed light on the nature of the
dominant emission mechanism in GRB prompt radiation.
In general, we conclude that similar studies on the same
GRBs have failed in recognizing that GRB spectra at low
energy are characterized by a change in slope consistent with
the synchrotron fast-cooling model for several reasons. First, a
peak and break feature have rarely been introduced in the ﬁtting
model at the same time. Moreover, even when a BPL or a Band
model with b > -2 has been identiﬁed as a best-ﬁt model, the
feature has been often referred to as peak energy (Peng et al.
2014). In other cases, the change in slope at a few keV has been
interpreted as being caused by the contribution of an additional,
thermal component with a temperature at ∼1 keV. More
importantly, even in analyses recognizing the break feature, the
study has been performed on one single GRB (Page et al. 2007;
Starling et al. 2008; Zheng et al. 2012).
Finally, several studies have focused on joint XRT+BAT
spectra with the aim of investigating X-ray ﬂare spectral
properties, focusing on the question of the evolution of the
peak energy down to the XRT energy range (Butler &
Kocevski 2007; Margutti et al. 2010). Our requirement to have
a bright signal in BAT probably excluded these cases and
selected cases where the spectral peak is still in the BAT energy
range and where XRT is observing a large part of the prompt
emission, rather than the late-time ﬂaring activity.
5.3. Interpretation
The hard photon index ( nµn -N 1) describing prompt emission
spectra at low energies represents a serious challenge for an
interpretation in terms of synchrotron radiation. In the standard
synchrotron fast-cooling model, the spectrum below the n nF peak
is expected to have a softer index (−3/2), which hardens only at
even lower energies, reaching the limiting value −2/3 below the
cooling break frequency (Preece et al. 1998; Ghisellini et al.
2000). A marginally fast cooling regime (i.e., a situation where
n nc m rather than n nc m) has been considered as a possible
solution to the inconsistency between the expected and measured
photon index (Derishev 2007; Daigne et al. 2011; Beniamini &
Piran 2013; Uhm & Zhang 2014). In the context of prompt
emission, a theoretical prediction of the location of the cooling
break frequency and of the ratio n nc m is difﬁcult to make, given
the large uncertainties on the properties of the emitting region,
such as dissipation radius, bulk Lorentz factor, magnetic ﬁeld, and
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particle acceleration mechanism and efﬁciency. Daigne et al.
(2011) showed that if n n< <0.01 1c m , the spectrum displays a
continuous curvature toward the value−2/3. In this case, between
nc and nm a PL behavior with index −3/2 provides a satisfactory
description of the spectrum only in a very narrow range of
energies. Only well below nc will the spectrum be satisfactorily
approximated by a PL, with index −2/3. In this case, the spectral
index inferred from spectral analysis does not necessarily need to
be equal to −1.5: its value will depend on the relative location of
n n,c m, the low-energy threshold of the detector, and also the
empirical ﬁtting function adopted to model the data.
Even though such a situation can in principle explain why we do
not typically observe the value −3/2 and why the inferred slope is
higher than this expected value, the question now is what are the
physical conditions required to attain a regime of marginally fast
cooling and whether such a conditions are realistic. Daigne et al.
(2011) addressed this question and found that a regime of
marginally fast cooling can be obtained for small radii, and/or
large Lorentz factors, and/or small magnetic ﬁelds. A similar study
on physical conditions leading to n nc m is discussed also in
Beniamini & Piran (2013), and in Beniamini & Piran (2014) in the
context of magnetically dominated jets. These studies have assumed
a homogeneous magnetic ﬁeld and an instantaneous, one-shot
acceleration. Other scenarios leading to a similar spectral shape
invoke a magnetic ﬁeld that decays downstream with a strength that
depends on the distance from the shock front (Derishev 2007; Uhm
& Zhang 2014), or continuous electron acceleration (Kumar &
McMahon 2008; Asano & Terasawa 2012).
6. Conclusions
To more properly characterize the shape of the prompt spectra
at low energy, where observations are in tension with the theory,
it would be very beneﬁcial to dispose of observations extending
well below the low-energy threshold of instruments dedicated to
prompt emission studies (typically ~ –10 20 keV). This can be
done in several fortunate cases thanks to XRT observations of
prompt emission. With the aim of improving our knowledge on
the shape of the low-energy part of the prompt spectrum, we
looked for cases where the XRT started observations during the
prompt emission. For these GRBs, simultaneous XRT and BAT
spectral data allowed us to study the prompt emission (or part of
it; see Figure 1) down to 0.5 keV. We selected events where the
emission in the BAT is bright enough to allow reliable time-
resolved spectral analysis in at least four temporal bins. Fourteen
long GRBs satisfy the selection criteria. In 12 cases, we found
robust evidence for a change in the spectral slope around a
few keV. Fermi-GBM observations, available for seven GRBs,
have been included in the spectral analysis. The list of GRBs and
their redshift (available for eight events) is reported in Table 2.
Their BAT and XRT (and, if available, also GBM) light curves
can be found in Figure 1. In 10 cases, the XRT is observing the
main emission episode, while in the remaining four GRBs, the
XRT is observing secondary peaks.
For all 14 GRBs in our sample, we have performed time-
integrated (26 time bins) and time-resolved (128 time bins) spectral
analysis, covering the entire prompt emission. For time bins where
XRT observations are not available, we found standard results: the
spectra are well modeled by a single PL or a CPL. The peak
energy and spectral index distributions (Figure 5) are consistent
with those derived from spectral analysis of larger samples of BAT
and GBM GRBs. In particular, when the peak energy is
constrained, the low-energy index α has a distribution peaked
around−1 (seeaCPL in the right panel of Figure 5 and in Table 1).
The value of the spectral index is instead softer when the best-ﬁt
model is a single PL: aá ñ - 1.5PL . Both results perfectly agree
with spectral index distributions derived in spectral catalogs of
BAT (Lien et al. 2016) and GBM (Gruber et al. 2014) long GRBs.
The situation is different for temporal bins where XRT
observations are available. The spectra in the whole energy range
( –0.5 150 keV or –0.5 1000 keV) can still be ﬁtted by one single
spectral component, but in 67% of the cases a low-energy break
must be added to the empirical ﬁtting function, resulting in a
signiﬁcant (more than 3σ) improvement of the ﬁt (see an example
in Figure 3, right panels). This led us to introduce two additional
spectral models: a cutoff PL with a low-energy break (BCPL),
describing cases where both the low-energy break Ebreak and the
peak energy Epeak are constrained (31% of time-resolved spectra
with XRT data), and a BPL with both indices a a > -, 21 2
(36%), describing cases where Ebreak is constrained, while Epeak
falls near or above the high-energy threshold and cannot be
determined. A summary of the models and notation chosen for the
model parameters can be found in Figure 2.
This systematic difference between best-ﬁt models in spectra
with and without XRT observations suggests that our knowledge of
the prompt emission spectral shape is usually limited (and possibly
biased) by the lack of low-energy observations. The results of
spectral analysis down to 0.5 keV revealed that the typical GRB
spectrum has two characteristic energies (Ebreak and Epeak, with
<E Ebreak peak) and three power-law segments (a a > -, 21 2 , and
b < -2). We speculate that this result might be quite general: the
sample investigated in this work has been selected based on the
main requirement of simultaneous XRT and BAT observations of
the prompt emission (and relatively bright BAT emission). The
selected GRBs have ﬂuences and energies in the range
´ - ´- -7 10 8 106 4 erg cm−2 and ´ ´–6 10 3 1052 54 erg,
respectively, indicating that these are not necessarily the brightest
events. Their light curves differ in morphology one from the other,
and the redshift spans the range z=0.725 to z=2.73. From the
point of view of temporal properties, energetics, and redshift, these
GRBs do not seem to belong to a subclass of peculiar events.
In the sample studied in this work, the break energy Ebreak
has a distribution peaked around 4 keV in the observer frame
(10 keV in the rest frame), and the peak energy Epeak has a
distribution peaked around 120 keV in the observer frame
(300 keV in the rest frame). The typical ratio E Ebreak peak is
around 0.03. It is very likely that the observed distribution of
Ebreak is signiﬁcantly biased by the fact that values smaller than
~2 keV cannot be constrained. It is very tempting to associate
these characteristic energies with the synchrotron cooling and
typical frequencies nc and nm. This is supported by the average
values of the photon indices. In a synchrotron context, the
expected values are a = -2 31 below nc and a = -3 22
between nc and nm. From spectral analysis we found
aá ñ = -0.661 (s = 0.35) and aá ñ = -1.462 (s = 0.31).
In the synchrotron-prompt emission scenario, the physical
parameters of the emitting region have not been constrained
yet. Observations of typical prompt ﬂuxes, peak energies, and
timescales are not enough to constrain all the unknown
parameters governing the physics of acceleration, dissipation,
and emission. Studies that use observations to constrain the
theory can only identify an allowed parameter space (Kumar &
McMahon 2008; Daigne et al. 2011; Beniamini &
Piran 2013, 2014). These studies can now take advantage of
an additional, important constraint: the location of the cooling
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break frequency. Further constraints on the properties of the
emission region (dissipation radius, strength of the magnetic
ﬁeld, Lorentz factor, particle acceleration) can be derived.
Implications for physical models coming from the location of
the cooling break at ~10 keV will be treated in an upcoming
work in preparation.
Even though the spectra are qualitatively consistent with
synchrotron radiation, additional studies are required to ﬁrmly
assess the consistency of data with theoretical expectations from
the synchrotron process. Recent studies have pointed out the
importance of reproducing also the narrowness of the spectral
shape (Beloborodov 2013; Axelsson & Borgonovo 2015; Yu
et al. 2015; Vurm & Beloborodov 2016), arguing that most
prompt emission spectra are too narrow to be reproduced by
synchrotron radiation, even in the limiting case of a Maxwellian
electron distribution. Moreover, it is unclear how spectra with a
low-energy photon index higher than −0.67 (present both in this
sample and in the BATSE and GBM GRB catalogs) can be
reconciled with the synchrotron scenario. While the results found
in this work clearly show that a spectral break is present in
the keV range, the interpretation of the spectral shape in terms of
synchrotron radiation (although encouraged by the average values
of the photon indices) demands a more quantitative investigation.
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Appendix A
Tables
Table 2
List of GRBs Analyzed in This Work
GRB Redshift NH LTI
( -10 cm22 2) (10 s4 )
060814 1.92 3.05 16.83–137.78
061121 1.314 0.72 3.46–9.25
070616 ... 0.49 0.46–37.11
100619A ... 0.76 5.34–100.59
100725B ... 0.59 2.18–80.35
100728A 1.567 3.25 0.50–68.29
100906A 1.727 1.32 1.06–46.86
110102A ... 0.20 1.04–24.32
110205A 2.22 0.59 0.14–38.29
121123A ... 0.12 1.66–13.91
130907A 1.238 1.15 0.76–238.41
140108A ... 0.71 1.05–43.16
140206A 2.73 1.40 2.12–8.71
140512A 0.725 0.44 2.79–32.94
Note. The name and redshift are reported in the ﬁrst and second columns, respectively.
The third column lists the values of the NH, derived from spectral analysis of late-time
XRT observations. The LTI (from BAT trigger time) chosen for the derivation of NH can
be found in the last column.
Table 3
Best-ﬁt Parameters for Time-integrated and Time-resolved Spectra
Time Bin Model a1 Ebreak a a2 Epeak β -F 7 c2 (dof) Instr.
(s) (keV) (keV) - -( )erg cm s2 1
=GRB 060814 z 1.92,
-[ ]14.00, 77.50 CPL - -+1.26 0.130.13 -+157 3280 -+2.49 0.280.33 ( )27.1 55 B
[ ]77.50, 200.00 BPL - -+0.98 0.090.13 -+2.83 0.450.39 - -+1.71 0.060.04 -[ ]0.39 6.42 ( )172.1 186 X, B
-[ ]14.00, 11.00 CPL - -+0.99 0.210.21 -+169 44159 -+2.37 0.440.56 ( )46.8 55 B
[ ]11.00, 15.00 PL - -+1.42 0.060.06 -[ ]2.54 481.03 ( )55.3 56 B
[ ]15.00, 40.00 CPL - -+1.29 0.160.17 -+160 41162 -+3.39 0.490.60 ( )34.2 55 B
[ ]40.00, 77.50 CPL - -+1.42 0.190.20 -+106 2287 -+1.58 0.280.36 ( )35.6 55 B
[ ]77.50, 97.00 BPL - -+0.27 0.210.34 -+2.22 0.330.26 - -+1.66 0.040.06 -[ ]0.88 21.35 ( )124.6 131 X, B
[ ]97.00, 120.00 BPL - -+1.10 0.200.27 -+2.28 0.500.87 - -+1.80 0.070.08 -[ ]0.33 2.83 ( )102.0 106 X, B
[ ]120.00, 130.00 BPL - -+1.01 0.120.13 -+4.78 1.101.03 - -+1.64 0.120.07 -[ ]0.53 15.73 ( )80.6 89 X, B
[ ]130.00, 200.00 BPL - -+1.17 0.180.14 -+2.71 0.332.40 - -+1.70 0.100.04 -[ ]0.24 4.37 ( )174.4 152 X, B
=GRB 061121 z 1.314,
-[ ]4.00 10.00, PL - -+1.66 0.100.09 -[ ]0.48 18.04 ( )58.0 56 B
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Table 3
(Continued)
Time Bin Model a1 Ebreak a a2 Epeak β -F 7 c2 (dof) Instr.
(s) (keV) (keV) - -( )erg cm s2 1
[ ]62.00 110.00, BPL - -+0.78 0.100.10 -+4.97 0.840.96 - -+1.43 0.030.02 -[ ]3.18 529.42 ( )137.8 150 X, B
-[ ]4.00, 10.00 PL - -+1.66 0.100.09 -[ ]0.48 18.04 ( )58.0 56 B
[ ]50.00, 62.00 PL - -+1.64 0.100.10 -[ ]0.50 21.60 ( )51.7 56 B
[ ]62.00, 68.00 BPL - -+0.56 0.150.16 -+4.53 0.641.01 - -+1.47 0.030.03 -[ ]4.73 574.02 ( )87.0 85 X, B
[ ]68.00, 74.00 BPL - -+0.29 0.210.25 -+4.83 0.912.18 - -+1.46 0.030.03 -[ ]9.98 1297.70 ( )48.8 77 X, B
[ ]74.00, 78.00 BPL - -+0.29 0.480.91 -+2.52 0.741.71 - -+1.23 0.030.02 -[ ]11.20 10385.00 ( )49.1 73 X, B
[ ]78.00, 90.00 BPL - -+0.93 0.240.23 -+2.82 0.571.60 - -+1.70 0.060.06 -[ ]1.12 20.48 ( )92.0 86 X, B
[ ]90.00, 110.00 CPL - -+1.42 0.080.06 -+55 1426 -+0.39 0.070.09 ( )99.4 104 X, B
GRB 070616
[ ]138.00 615.00, BCPL - -+0.84 0.040.05 -+3.22 0.350.32 - -+1.29 0.070.01 -+102 1425 -+0.57 0.010.06 ( )228.7 234 X, B
-[ ]10.00, 95.00 PL - -+1.66 0.190.18 -[ ]0.11 3.98 ( )50.2 56 B
[ ]95.00, 138.00 PL - -+1.38 0.070.07 -[ ]0.43 135.90 ( )43.8 56 B
[ ]138.00, 175.00 BPL - -+0.90 0.060.06 -+8.10 0.964.88 - -+1.42 0.050.05 -[ ]0.87 162.03 ( )164.8 153 X, B
[ ]175.00, 210.00 BPL - -+0.89 0.080.14 -+7.21 0.742.97 - -+1.58 0.080.09 -[ ]0.44 25.37 ( )128.0 140 X, B
[ ]210.00, 282.00 BCPL - -+0.73 0.070.11 -+4.20 1.212.90 - -+1.18 0.060.14 -+122 3738 -+0.91 0.160.11 ( )188.8 186 X, B
[ ]282.00, 330.00 BCPL - -+0.65 0.140.18 -+3.34 0.721.12 - -+1.33 0.060.13 -+169 69125 -+1.17 0.220.11 ( )138.3 174 X, B
[ ]330.00, 460.00 BCPL - -+0.75 0.070.07 -+3.32 0.270.30 - -+1.48 0.060.05 -+84 2038 -+0.53 0.030.04 ( )185.4 217 X, B
[ ]460.00, 500.00 BCPL - -+0.73 0.130.16 -+3.04 0.430.64 - -+1.45 0.130.09 -+43 1122 -+0.37 0.030.07 ( )123.0 126 X, B
[ ]500.00, 530.00 BCPL - -+0.85 0.160.21 -+2.63 0.470.48 - -+1.63 0.190.23 -+18 930 -+0.21 0.020.04 ( )128.8 112 X, B
[ ]530.00, 615.00 CPL - -+1.33 0.060.06 -+16 22 -+0.13 0.020.03 ( )159.0 163 X, B
GRB 100619A
-[ ]5.34 10.02, CPL - -+1.23 0.190.21 -+110 2146 -+1.62 12.3412.85 ( )184.8 204 B, G
[ ]80.68 100.13, BPL - -+1.01 0.120.12 -+5.13 0.601.02 - -+1.93 0.040.04 -[ ]3.08 8.79 ( )218.3 271 X, B, G
[ ]80.68, 86.82 BPL - -+1.02 0.190.19 -+6.33 1.152.08 - -+1.94 0.060.06 -[ ]3.26 9.25 ( )169.3 163 X, B, G
[ ]86.82, 89.89 BCPL - -+0.79 0.230.44 -+4.75 2.501.49 - -+1.61 0.100.06 -+132 55193 -+5.51 1.451.58 ( )161.1 159 X, B, G
[ ]89.89, 92.97 BPL - -+0.90 0.250.33 -+5.41 1.541.80 - -+2.01 0.080.08 -[ ]2.81 6.58 ( )123.4 130 X, B, G
[ ]92.97, 100.13 BPL - -+1.21 0.240.33 -+3.92 1.181.46 - -+2.10 0.090.10 -[ ]1.35 2.13 ( )157.5 182 X, B, G
GRB 100725B
-[ ]3.70 15.76, PL - -+1.56 0.070.07 -[ ]2.12 57.27 ( )152.4 144 B, G
[ ]89.49 229.78, BPL - -+1.25 0.060.09 -+5.19 1.230.89 - -+2.06 0.050.06 -+1.47 0.080.08 ( )348.2 310 X, B, G
[ ]109.97, 120.21 CPL - -+1.15 0.050.06 -+94 1933 -+0.96 0.140.16 ( )255.0 226 X, B, G
[ ]120.21, 129.43 BCPL - -+0.65 0.110.15 -+6.62 1.881.40 - -+1.46 0.120.15 -+99 3370 -+2.07 0.270.29 ( )295.9 227 X, B, G
[ ]129.43, 136.59 BCPL - -+0.73 0.160.24 -+4.51 1.552.57 - -+1.32 0.120.10 -+79 1934 -+1.84 0.300.31 ( )222.0 193 X, B, G
[ ]136.59, 143.76 BPL - -+0.84 0.140.14 -+7.47 1.191.45 - -+2.28 0.130.12 -+1.16 0.180.19 ( )167.8 185 X, B, G
[ ]143.76, 155.03 BPL - -+0.76 0.110.11 -+9.29 9.310.56 - -+2.49 0.120.11 -+1.19 0.120.45 ( )265.6 235 X, B, G
[ ]155.03, 170.39 BPL - -+0.98 0.080.08 -+6.63 0.940.78 - -+3.16 0.240.23 -+0.54 0.050.05 ( )128.7 127 X, B, G
[ ]205.20, 229.78 BPL - -+1.07 0.190.21 -+2.86 0.330.52 - -+2.51 0.190.07 -+0.48 0.040.20 ( )160.0 148 X, B, G
=GRB 100728A z 1.567,
-[ ]82.31 81.53, CPL - -+0.69 0.030.03 -+342 1921 -+5.85 0.110.11 ( )370.1 363 B, G
[ ]81.53 158.33, BCPL - -+0.97 0.120.19 -+2.24 0.510.54 - -+1.34 0.020.02 -+186 2533 -+2.00 0.140.13 ( )360.3 350 X, B, G
- -[ ]82.31, 48.52 PL - -+1.17 0.070.07 -[ ]11.09 502.29 ( )348.4 324 B, G
- -[ ]48.52, 13.70 CPL - -+0.98 0.070.07 -+481 107176 -+4.17 0.170.20 ( )370.3 321 B, G
-[ ]13.70, 14.97 CPL - -+0.74 0.040.04 -+439 4250 -+8.84 0.220.24 ( )326.8 323 B, G
[ ]14.97, 28.29 CPL - -+0.60 0.040.04 -+496 3844 -+17.85 0.400.41 ( )330.1 290 B, G
[ ]28.29, 52.86 CPL - -+0.74 0.040.04 -+344 2326 -+10.38 0.230.25 ( )348.9 317 B, G
[ ]52.86, 65.15 CPL - -+0.90 0.080.08 -+269 4056 -+4.99 0.270.32 ( )284.3 270 B, G
[ ]65.15, 81.53 CPL - -+0.76 0.070.07 -+235 2328 -+5.55 0.260.29 ( )325.5 287 B, G
[ ]81.53, 92.79 BCPL - -+0.43 0.360.69 -+2.01 0.440.63 - -+1.33 0.050.05 -+188 4994 -+2.76 0.530.50 ( )167.2 166 X, B, G
[ ]92.79, 106.11 CPL - -+1.35 0.040.04 -+123 2644 -+1.27 0.120.14 ( )188.7 164 X, B, G
[ ]106.11, 118.39 CPL - -+1.20 0.030.03 -+219 3549 -+2.79 0.150.16 ( )206.5 236 X, B, G
[ ]118.39, 135.80 CPL - -+1.19 0.020.02 -+232 2735 -+3.62 0.140.15 ( )319.3 280 X, B, G
[ ]135.80, 158.33 CPL - -+1.31 0.070.06 -+43 711 -+0.39 0.070.08 ( )114.0 106 X, B, G
=GRB 100906A z 1.727,
[ ]0.22 65.24, CPL - -+1.42 0.080.09 -+182 3666 -+3.23 0.210.26 ( )231.1 342 B, G
[ ]85.72 125.65, BPL - -+0.56 0.170.13 -+3.84 0.270.58 - -+2.45 0.070.04 -+1.58 0.150.16 ( )394.8 378 X, B, G
[ ]0.22, 2.77 CPL - -+1.04 0.090.10 -+289 6098 -+13.02 0.891.08 ( )159.3 171 B, G
[ ]2.77, 5.84 CPL - -+1.09 0.100.11 -+177 3047 -+9.32 0.851.06 ( )182.6 185 B, G
[ ]5.84, 10.96 CPL - -+1.10 0.180.18 -+126 2252 -+12.75 0.760.87 ( )261.8 230 B, G
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(Continued)
Time Bin Model a1 Ebreak a a2 Epeak β -F 7 c2 (dof) Instr.
(s) (keV) (keV) - -( )erg cm s2 1
[ ]10.96, 16.08 CPL - -+1.27 0.240.25 -+93 1651 -+6.33 0.730.92 ( )208.1 214 B, G
[ ]85.71, 96.98 BPL - -+1.14 0.160.20 -+3.76 0.820.77 - -+2.14 0.090.10 -+0.69 0.090.09 ( )218.9 226 X, B, G
[ ]96.98, 105.17 BPL - -+0.44 0.400.22 -+3.86 0.482.11 - -+2.10 0.140.05 -+3.14 0.500.51 ( )204.7 206 X, B, G
[ ]105.17, 125.65 BPL - -+0.63 0.150.14 -+4.52 0.400.52 - -+2.65 0.070.06 -+1.85 0.230.24 ( )202.2 193 X, B, G
GRB 110102A
[ ]125.54 156.26, CPL - -+1.39 0.090.10 -+283 94278 -+3.55 0.250.34 ( )217.5 205 B, G
[ ]195.17 290.40, BCPL - -+0.85 0.050.06 -+4.02 0.540.56 - -+1.49 0.030.03 -+686 274731 -+3.83 0.150.15 ( )352.8 315 X, B, G
[ ]125.54, 132.71 CPL - -+1.24 0.220.25 -+108 2569 -+1.63 0.340.53 ( )217.7 206 B, G
[ ]132.71, 137.83 CPL - -+1.17 0.060.07 -+344 69111 -+10.15 0.470.54 ( )225.3 205 B, G
[ ]137.83, 142.95 CPL - -+1.19 0.120.14 -+194 4589 -+4.23 0.420.56 ( )200.2 189 B, G
[ ]142.95, 156.26 PL - -+1.75 0.080.08 -[ ]2.75 10.21 ( )274.2 247 B, G
[ ]195.17, 200.29 BCPL - -+0.68 0.160.27 -+4.76 1.962.48 - -+1.18 0.070.08 -+679 305840 -+5.49 0.940.92 ( )165.1 205 X, B, G
[ ]200.29, 206.44 BCPL - -+0.59 0.150.15 -+5.10 1.192.99 - -+1.13 0.070.05 -+391 88161 -+9.21 1.291.38 ( )260.2 248 X, B, G
[ ]206.44, 209.51 BCPL - -+0.37 0.400.74 -+3.17 1.144.65 - -+1.09 0.060.05 -+554 121236 -+22.44 6.636.64 ( )198.3 185 X, B, G
[ ]209.51, 212.58 BCPL - -+0.43 0.190.19 -+5.15 0.851.55 - -+1.24 0.060.05 -+509 142270 -+15.99 3.223.40 ( )211.1 183 X, B, G
[ ]212.58, 218.73 BCPL - -+0.67 0.140.18 -+4.59 1.371.52 - -+1.47 0.100.09 -+220 86285 -+2.79 0.370.38 ( )228.2 224 X, B, G
[ ]218.73, 229.99 BCPL - -+0.10 0.320.45 -+1.97 0.270.36 - -+1.44 0.070.08 -+70 2348 -+0.78 0.110.10 ( )102.7 113 X, B, G
[ ]241.25, 252.52 BPL - -+1.03 0.090.09 -+5.74 1.111.95 - -+1.85 0.110.07 -[ ]0.97 4.10 ( )244.0 233 X, B, G
[ ]252.52, 260.71 BPL - -+0.67 0.220.23 -+3.59 0.731.39 - -+1.70 0.080.05 -[ ]1.68 17.17 ( )213.2 200 X, B, G
[ ]260.71, 270.95 BPL - -+0.75 0.110.13 -+4.52 0.690.69 - -+1.74 0.040.04 -[ ]2.73 22.18 ( )269.0 235 X, B, G
[ ]270.95, 290.40 BPL - -+0.68 0.190.22 -+2.17 0.200.27 - -+1.91 0.040.04 -[ ]0.60 2.64 ( )132.5 128 X, B, G
=GRB 110205A z 2.22,
[ ]0.00 160.00, CPL - -+1.27 0.280.29 -+72 1023 -+0.65 0.170.24 ( )48.5 55 B
[ ]160.00 350.00, BPL - -+0.88 0.030.04 -+5.79 0.740.68 - -+1.78 0.040.04 -[ ]0.64 7.11 ( )272.2 281 X, B
[ ]0.00, 94.00 PL - -+1.63 0.130.13 -[ ]0.27 11.72 ( )52.5 56 B
[ ]94.00, 120.00 PL - -+1.87 0.090.08 -[ ]0.51 5.29 ( )61.8 56 B
[ ]120.00, 160.00 CPL - -+1.46 0.230.24 -+65 816 -+1.23 0.260.35 ( )61.1 55 B
[ ]160.00, 193.00 BPL - -+0.63 0.050.05 -+5.89 0.460.60 - -+1.85 0.040.04 -[ ]0.95 6.80 ( )209.7 190 X, B
[ ]193.00, 210.00 BPL - -+0.74 0.070.08 -+5.82 0.900.78 - -+1.64 0.050.05 -[ ]1.16 35.35 ( )112.3 126 X, B
[ ]210.00, 240.00 BCPL - -+0.57 0.080.15 -+3.85 0.800.66 - -+1.37 0.150.07 -+108 2899 -+1.52 0.120.37 ( )174.3 168 X, B
[ ]240.00, 350.00 BPL - -+1.15 0.050.04 -+6.19 0.711.79 - -+1.86 0.050.08 -[ ]0.30 1.91 ( )235.9 225 X, B
GRB 121123A
[ ]193.15 299.65, CPL - -+0.86 0.030.03 -+75 44 -+1.11 0.060.07 ( )148.1 164 X, B
[ ]193.15, 214.65 CPL - -+0.73 0.050.05 -+121 1622 -+1.33 0.140.15 ( )109.2 127 X, B
[ ]214.65, 231.04 CPL - -+0.54 0.040.05 -+99 810 -+1.86 0.160.10 ( )108.7 120 X, B
[ ]231.04, 239.23 CPL - -+0.84 0.060.06 -+87 912 -+2.02 0.220.25 ( )87.6 88 X, B
[ ]239.23, 247.42 BCPL - -+0.19 0.260.46 -+2.63 0.681.13 - -+1.04 0.170.09 -+61 1020 -+1.69 0.290.51 ( )74.4 93 X, B
[ ]247.42, 267.90 BCPL - -+0.59 0.160.35 -+2.18 0.834.10 - -+0.93 0.120.07 -+47 69 -+0.91 0.070.17 ( )162.7 157 X, B
[ ]267.90, 299.65 CPL - -+1.10 0.060.06 -+44 45 -+0.57 0.070.08 ( )185.4 185 X, B
=GRB 130907A z 1.238,
-[ ]80.00 71.00, CPL - -+0.93 0.080.08 -+284 5091 -+19.56 1.241.33 ( )22.5 55 B
[ ]71.00 550.00, BPL - -+1.37 0.070.10 -+2.30 0.600.62 - -+1.67 0.010.01 -[ ]0.78 17.44 ( )307.1 281 X, B
- -[ ]80.00, 65.00 PL - -+1.32 0.310.32 -[ ]0.60 310.90 ( )62.4 56 B
- -[ ]65.00, 44.00 PL - -+1.22 0.060.06 -[ ]1.38 1550.40 ( )43.2 56 B
- -[ ]44.00, 30.00 PL - -+1.27 0.030.03 -[ ]3.43 2648.80 ( )36.8 56 B
-[ ]30.00, 20.00 CPL - -+0.95 0.080.08 -+365 85193 -+32.84 2.092.25 ( )21.6 55 B
[ ]20.00, 40.00 CPL - -+0.84 0.090.09 -+275 5094 -+28.26 2.072.26 ( )24.4 55 B
[ ]40.00, 52.00 CPL - -+1.02 0.110.11 -+288 76217 -+18.28 1.691.90 ( )33.6 55 B
[ ]52.00, 71.00 CPL - -+0.95 0.090.09 -+249 4586 -+26.22 1.962.14 ( )25.0 55 B
[ ]71.00, 79.00 BPL - -+0.58 0.330.90 -+2.75 0.932.01 - -+1.29 0.030.02 -[ ]5.47 2978.90 ( )71.9 81 X, B
[ ]79.00, 87.00 PL - -+1.12 0.010.02 -[ ]7.28 18644.00 ( )77.1 89 X, B
[ ]87.00, 110.00 BPL - -+1.03 0.210.23 -+2.58 0.510.95 - -+1.70 0.040.04 -[ ]1.50 26.50 ( )142.6 124 X, B
[ ]200.00, 220.00 PL - -+1.50 0.070.03 -[ ]0.88 77.48 ( )68.1 79 X, B
[ ]220.00, 250.00 BPL - -+1.08 0.130.25 -+4.54 1.661.61 - -+1.75 0.050.05 -[ ]1.60 20.06 ( )120.4 133 X, B
[ ]250.00, 350.00 BPL - -+1.46 0.070.11 -+4.08 1.341.03 - -+1.91 0.040.05 -[ ]0.69 3.02 ( )215.1 232 X, B
[ ]350.00, 550.00 BPL - -+1.59 0.030.03 -+5.01 0.820.69 - -+2.04 0.030.04 -[ ]0.42 1.02 ( )341.6 297 X, B
GRB 140108A
-[ ]7.21 16.34, CPL - -+1.43 0.130.14 -+143 3694 -+2.33 0.270.37 ( )80.4 97 B, G
14
The Astrophysical Journal, 846:137 (22pp), 2017 September 10 Oganesyan et al.
Table 3
(Continued)
Time Bin Model a1 Ebreak a a2 Epeak β -F 7 c2 (dof) Instr.
(s) (keV) (keV) - -( )erg cm s2 1
[ ]76.76 101.33, BCPL -+0.35 0.550.37 -+2.54 0.220.82 - -+1.33 0.050.03 -+844 3101548 -+7.24 1.432.41 ( )136.1 137 X, B, G
-[ ]3.11, 2.01 CPL - -+1.11 0.320.40 -+105 2889 -+1.34 0.370.72 ( )104.3 135 B, G
[ ]2.01, 4.05 CPL - -+1.34 0.200.23 -+116 3082 -+3.72 0.671.05 ( )105.2 98 B, G
[ ]4.05, 7.13 CPL - -+1.27 0.120.14 -+172 4083 -+6.45 0.690.92 ( )134.7 129 B, G
[ ]7.13, 11.22 PL - -+1.70 0.050.05 -[ ]4.29 50.00 ( )96.3 99 B, G
[ ]76.76, 81.88 BPL - -+0.63 0.320.40 -+7.12 1.584.75 - -+1.37 0.050.05 -[ ]4.03 358.53 ( )134.0 165 X, B, G
[ ]81.88, 83.92 BPL - -+0.61 0.430.40 -+7.54 1.6914.21 - -+1.34 0.040.04 -[ ]9.87 1137.50 ( )129.1 124 X, B, G
[ ]83.92, 85.97 BPL - -+0.17 0.480.62 -+7.14 1.553.92 - -+1.37 0.040.04 -[ ]11.18 1055.20 ( )138.2 121 X, B, G
[ ]85.97, 88.02 CPL - -+1.12 0.050.06 -+314 81150 -+10.74 0.750.89 ( )117.7 131 X, B, G
[ ]88.02, 93.14 PL - -+1.42 0.030.03 -[ ]4.99 325.48 ( )192.4 182 X, B, G
[ ]93.14, 101.33 PL - -+1.58 0.050.05 -[ ]1.17 24.19 ( )178.5 202 X, B, G
=GRB 140206A z 2.73,
-[ ]0.50 11.00, CPL - -+0.98 0.180.19 -+145 2869 -+4.37 0.710.88 ( )39.1 55 B
[ ]50.25 100.00, BCPL - -+0.70 0.070.11 -+5.42 2.341.96 - -+1.05 0.080.10 -+102 1318 -+3.53 0.260.38 ( )78.6 99 X, B
-[ ]0.50, 4.30 CPL - -+0.92 0.310.33 -+98 1853 -+2.51 0.721.09 ( )48.4 55 B
[ ]4.30, 8.60 PL - -+1.33 0.050.05 -[ ]2.95 1401.90 ( )73.4 56 B
[ ]8.60, 11.00 PL - -+1.30 0.070.07 -[ ]3.00 1782.70 ( )58.3 56 B
[ ]50.25, 55.00 BPL - -+0.86 0.150.10 -+8.01 2.814.11 - -+1.58 0.090.08 -[ ]1.87 90.47 ( )48.9 74 X, B
[ ]55.00, 58.00 BCPL -+0.16 0.550.16 -+2.26 0.901.64 - -+0.87 0.120.10 -+128 2339 -+12.31 5.754.89 ( )52.8 67 X, B
[ ]58.00, 60.00 BCPL - -+0.14 0.290.40 -+5.24 1.741.90 - -+0.83 0.170.10 -+112 1845 -+15.36 3.899.88 ( )55.2 73 X, B
[ ]60.00, 62.00 CPL - -+0.59 0.080.06 -+95 65 -+15.75 1.070.91 ( )88.1 78 X, B
[ ]62.00, 64.00 BCPL -+0.39 0.831.54 -+2.14 0.572.75 - -+0.86 0.140.08 -+87 1023 -+11.44 4.176.21 ( )60.1 77 X, B
[ ]64.00, 70.00 BCPL - -+0.40 0.170.22 -+4.26 1.092.05 - -+1.36 0.190.12 -+81 2385 -+3.44 0.530.67 ( )66.7 84 X, B
[ ]70.00, 80.00 CPL - -+1.13 0.060.06 -+41 56 -+0.90 0.150.19 ( )94.1 84 X, B
[ ]80.00, 100.00 CPL - -+1.34 0.100.07 -+47 1322 -+0.28 0.020.09 ( )135.1 122 X, B
=GRB 140512A z 0.725,
-[ ]21.05 10.70, CPL - -+1.09 0.110.12 -+439 134293 -+3.32 1.121.50 ( )196.9 317 B, G
[ ]102.86 158.16, BCPL - -+0.76 0.040.05 -+7.18 1.001.12 - -+1.26 0.040.04 -+532 123190 -+5.52 0.270.27 ( )442.8 478 X, B, G
-[ ]21.05, 0.46 CPL - -+1.20 0.120.14 -+598 2591030 -+3.03 0.270.33 ( )223.8 299 B, G
[ ]0.46, 10.70 CPL - -+1.01 0.150.17 -+306 86190 -+3.28 0.340.43 ( )224.6 250 B, G
[ ]102.86, 107.98 BCPL - -+0.59 0.180.18 -+7.77 2.696.25 - -+1.19 0.100.10 -+580 2591150 -+5.26 1.041.11 ( )190.7 213 X, B, G
[ ]107.98, 113.10 BCPL - -+0.40 0.150.19 -+6.67 2.022.99 - -+1.06 0.070.07 -+513 135220 -+9.68 1.781.79 ( )246.3 228 X, B, G
[ ]113.10, 118.22 BCPL - -+0.58 0.140.15 -+7.96 2.143.63 - -+1.25 0.100.10 -+328 123287 -+4.56 0.750.76 ( )196.9 225 X, B, G
[ ]118.22, 123.34 BCPL - -+0.56 0.070.10 -+19.52 5.084.40 - -+1.23 0.050.05 -+942 292484 -+18.52 2.492.47 ( )239.3 246 X, B, G
[ ]123.34, 128.46 BCPL - -+0.35 0.140.16 -+7.24 1.381.74 - -+1.29 0.060.06 -+529 176366 -+10.40 1.701.75 ( )263.3 241 X, B, G
[ ]128.46, 133.58 BPL - -+0.76 0.140.18 -+6.08 1.602.18 - -+1.45 0.040.04 -[ ]20.82 275.19 ( )223.8 228 X, B, G
[ ]133.58, 138.70 CPL - -+1.16 0.040.04 -+170 3760 -+1.88 0.190.22 ( )214.5 226 X, B, G
[ ]138.70, 143.82 CPL - -+1.18 0.050.05 -+213 67146 -+1.63 0.200.25 ( )220.3 216 X, B, G
[ ]143.82, 158.16 BPL - -+0.61 0.190.34 -+2.07 0.380.33 - -+1.45 0.030.03 -[ ]5.17 70.95 ( )367.6 340 X, B, G
Note.The table lists the time interval (since the BAT trigger time), the best-ﬁt model (PL=power law, CPL=cutoff power law, BPL=broken power law,
BCPL=broken power law with a high-energy cutoff), the best-ﬁt parameters (third through seventh columns; for a deﬁnition see Figure 2), the ﬂux F (or its lower
and upper limits, in square brackets), integrated in the energy range 0.5 keV–10 MeV, the total chi-square c2, and the degrees of freedom (dof). The last column
reports the instruments included in the spectral analysis: X=XRT, B=BAT, G=GBM. Time bins marked with a bold font identify time-integrated spectra.
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Figure 8. Flow chart summarizing the procedure adopted to select the best-ﬁt model among four models: power law (PL), cutoff power law (CPL), broken power law
(BPL), and broken power law with high-energy cutoff (BCPL). The selection proceeds from left to right. The nodes represent the models that are compared using the
F-test (except for the case CPL-BPL, where models are not nested and the total chi-square is compared). Next to the arrows the model chosen as a result of the
comparison is reported. There is a special case in the scheme where there is no possibility to ﬁnd a statistical difference between CPL and BPL models and select the
best-ﬁt model on the basis of the chi-square or F-test. In this case (which occurred six times) visual inspection of the residuals is adopted.
Appendix B
Selection of the Best-ﬁt Model
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Appendix C
Time-resolved Spectra of GRB140512A
Figure 9. Time-resolved spectra of GRB140512A for six different time bins, including XRT (red data points), BAT (green), and GBM (blue and purple) data. Each
row refers to a different time bin (the time interval is reported in each panel). For each time bin, the modeling with three different models and the residuals are shown:
cutoff power law (CPL; left panel), broken power law (middle panel), and broken power law with an exponential cutoff (right panel).
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Appendix D
Testing the Effects of Nh and Pileup on the Results
In this section, we test how pileup effects and intrinsic
absorption in the soft X-ray energy band can affect the results
on the presence of the low-energy break. We have performed
systematics tests on the spectra of three GRBs: GRB140206A,
GRB110102A, and GRB140512A. The tests performed
showed that the results are robust: the corrections adopted for
pileup are sufﬁcient to remove any spurious effect on the
spectral shape at low energy, and the estimates of NH are not
responsible for the need of an intrinsically curved spectrum in
the XRT band. In the following, we explain in detail the tests
applied and show, as an example, the results obtained on
GRB140512A.
D.1. Pileup
The spectra of bright X-ray sources, like the ones in our
sample, observed by the Swift/XRT instrument in WT mode
might be heavily piled up, and very accurate corrections are
needed in order to extract clean spectral ﬁles. For the analysis
presented in this work, we adopted the following method. We
excluded the central region of the X-ray images, in order to have
a maximum count rate smaller than 150 counts s−1. To check
whether this is enough to avoid contamination from pileup
effects, one possibility is to further reduce the maximum count
rate (i.e., excluding an even larger region), repeat the spectral
analysis, and verify whether the results are affected. In Table 4
we show the results of this analysis applied to one time-resolved
spectrum taken from GRB140512A (128.46–133.58 s). With a
maximum count rate of 150 counts s−1, we found that the best-ﬁt
model is a BPL with a a= - = -+ +0.76 , 1.451 0.140.18 2 0.040.04, and
= -+E 6.1break 1.62.2. We progressively decreased the maximum
count rate and reﬁtted the spectrum with all four spectral models.
We performed the F-test to compare models with and without a
low-energy break and veriﬁed that even when the count rate is
reduced to 70 counts s−1 (where pileup is completely negligible)
the presence of a break is still signiﬁcant at more than 3σ.
D.2. Intrinsic Absorption
In order to exclude a possible inﬂuence of intrinsic
absorption on the low-energy breaks found in this work, we
perform two different tests. In the ﬁrst test, we consider the
intrinsic absorption a free parameter and reﬁt the data with CPL
and BCPL models. We then perform the F-test to compare the
two different ﬁts and verify the signiﬁcance of the improve-
ment obtained thanks to the addition of the break. An example
is proposed in Figure 4 and refers to the time-averaged
spectrum of the second emission episode of GRB140512A.
Even when the intrinsic absorption is a free parameter, the
addition of a break improves the ﬁt at more than s8 (see
Figure 10).
In the second test, we exclude XRT data below 3 keV and
reﬁt the data. Also in this case, a break in the spectrum is still
Table 4
Results of the Test Performed to Verify the Possible Effects of Pileup on the Presence of a Break Energy in the XRT Energy Range
Rate (counts s−1) PL CPL BPL BCPL –FPL BPL –FCPL BCPL
120 412.97 (228) 243.89 (227) 217.09 (226) 210.95 (225) 1.11e-16 (8.4) 8.14e-08 (5.4)
90 264.89 (220) 224.17 (219) 216.90 (218) 211.05 (217) 3.45e-10 (6.3) 1.44e-03 (3.2)
70 253.40 (218) 218.80 (217) 213.14 (216) 207.45 (215) 7.67e-09 (5.8) 3.26e-03 (2.9)
Note.The test is applied to one time-resolved spectrum of GRB140512A (from 128.46 to 133.58 s). The ﬁrst column reports the maximum rate of the light curve
after the central region of the source has been excluded. The second through ﬁfth columns list the c2 (dof) of the four different spectral models. Models that differ
from each other for the presence of a break (i.e., PL vs. BPL and CPL vs. BCPL) are compared in the last two columns, where the signiﬁcance of the F-test is reported.
Figure 10. Time-integrated spectrum of GRB140512A during the second pulse, ﬁtted by CPL (left) and BCPL (right) models with intrinsic NH as a free parameter.
The value of the chi-square is reported in the upper left corner of each panel. The addition of the low-energy break improves the ﬁt with a signiﬁcance level
corresponding to s8.1 .
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required by the data. Taking again the second emission episode
of GRB140512A as an example, we ﬁnd that a BCPL
improves the ﬁt as compared to the CPL at more than s6 (see
Figure 11).
Appendix E
Comparison with Previous Studies
E.1. GRBs in Our Sample
For most of the GRBs included in our sample, the analysis of
XRT+BAT spectral data has already been published in the
literature. In this section, we discuss, case by case, the
modeling proposed by different authors, as compared to those
proposed in this work.
A systematic analysis of GRBs with prompt XRT+BAT
observations has been performed by Peng et al. (2014,
hereafter P14). A comparison with our ﬁndings is not
straightforward, since the methods for data extraction and
modeling are quite different. First, P14 considered intrinsic
absorption as a free parameter. Moreover, they never discuss
correction for the pileup effect, and it is not clear whether and
how pileup has been treated. Time bins chosen for the analysis
also differ from those chosen in our work. The spectral models
tested by P14 are a single PL, a blackbody plus a PL (BB+PL),
and the Band model. Sometimes, ﬁts are performed by ﬁxing to
−1 the value of the low-energy spectral index. With these
differences in mind, we report in the following a comparison
between our modeling and the modeling proposed by P14 for
the 10 GRBs common to both studies. In P14, the spectra of
GRB060814, GRB061121, and GRB100725A are ﬁtted by
BB+PL. The PL dominates at low and high energies, and the
BB contributes to the ﬂux at intermediate energies. In our
analysis we proposed that the best-ﬁt model for these three
GRBs is a BPL. We choose one of these GRBs (GRB 060814)
as an example, to understand how two apparently completely
different interpretations (a BPL and a BB+PL) can both give a
satisfactory description of the same data, and perform spectral
analysis with the two different models: a BPL and the
combination of a BB plus a PL (Figure 12). To be consistent
with the method applied by P14, we leave the intrinsic NH free
to vary and choose the same time interval analyzed by P14
(from 121 to 151 s). Both modelings return an acceptable ﬁt:
the reduced chi-square values for the BPL and BB+PL are
c = 1.01BPL2 and c =+ 1.04BB PL2 , for the same number of dof.
First, we note that, even though the value of the intrinsic NH is
a free parameter, a BPL model returns a well-constrained break
energy = -+E 4.54break 1.563.48 keV. The BB+PL ﬁt returns a BB
temperature = -+kT 1.80 0.601.00. The role of the BB is to contribute
to the emission at intermediate energies, producing a deviation
from a single PL behavior between 4 and 8 keV. The overall
shape of the BB+PL model mimics a BPL behavior. We
veriﬁed that the same explanation applies to the other two
GRBs in our sample for which P14 claim the presence of a BB.
For GRB100619A and GRB110102, the best ﬁt proposed
by P14 is a Band function with b > -2 and Epeak around
10 keV. Since b > -2, the characteristic energy cannot be
properly identiﬁed with the spectral peak energy and must be
more properly identiﬁed with what we called in this work the
break energy, making their analysis of these two GRBs
consistent with the one proposed in this work. Also, the
analysis of GRB100906A is consistent, since for this GRB we
also ﬁnd a peak energy but no evidence of a break energy. For
GRB100728A and GRB121123 the differences can also be
easily understood: the break energy is very small (2 keV) and
can be hardly constrained (see also Abdo et al. 2011),
especially in the time interval studied by P14. There is
agreement instead on the measure of Epeak, which is large in the
ﬁrst case, and can be constrained only thanks to the inclusion of
GBM data, and is around 50 keV in the second GRB. Similar
considerations hold for GRB140206A: the small value of
Ebreak during the temporal window studied by P14 makes it
difﬁcult to recognize the presence of a break, while the peak
energy, inside the BAT range, is constrained in both their and
our analysis to be around 100 keV. Finally, a strong break
around 7–8 keV is found in this work in the spectrum of
GRB140108A, while in P14 it is claimed that the best model is
a single PL. However, their spectrum is mainly accumulated
Figure 11. Time-integrated spectrum of GRB140512A during the second pulse, ﬁtted by CPL (left) and BCPL (right) models when data below 3 keV are excluded.
The improvement of the chi-square (reported in the upper left corner of each panel) when the low-energy break is added is signiﬁcant at s6.1 , according to the F-test.
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over a time where we also ﬁnd that the best ﬁt is a PL, with the
very same slope reported by P14 (−1.4).
We conclude that the analysis either is consistent or differs
owing to the interpretation of the X-ray hardening as the result
of a combination of two different components, one of which is
assumed to be a BB in P14. Comparison between these two
different interpretations is discussed in more detail in
Appendix E.2.
E.1.1. GRB061121
In Page et al. (2007), time-resolved spectra (from 62 to 90 s) are
ﬁtted by a broken power-law model with photon indices below
and above the break G = - -+0.691 0.130.07 and G = - -+1.612 0.140.13 and a
break energy varying in time in the –1 6 keV range (see their
Figure 5), in agreement with the analysis reported in this work.
The XRT+BAT time-averaged spectrum has been considered
also by Peng et al. (2014) and Friis & Watson (2013). They
proposed a model composed of a single PL plus a BB with
~kT 3 keV. As discussed before, we then believe that the same
change of spectral slope is found also in these studies, but is
interpreted as the result of the composition of two different
spectral components (see below for further details).
E.1.2. GRB070616
In our analysis, this GRB is best ﬁt by a BCPL, with Ebreak
ranging between 8 and 3 keV and Epeak evolving from 170 to
16 keV. The joint XRT+BAT time-resolved spectral analysis
of this GRB has been performed also by Starling et al. (2008).
They tested both a BPL and a Band model and found that they
are both acceptable, though the c2 of the Band model is
systematically higher (see their Table 2). Their BPL ﬁt
identiﬁes a break in the range 4–8 keV, in agreement with
our ﬁndings. Their Band ﬁt identiﬁes a peak energy in the
range 135–14 keV, also in agreement with our ﬁndings. A
model including both features (i.e., a low-energy break and a
high-energy peak) is never tested by these authors.
E.1.3. GRB110205A
We ﬁnd a break energy around 4–6 keV and a peak energy at
~100 keV. The peak energy is constrained only in two time-
resolved spectra (GBM observations are not available for this
GRB). In Zheng et al. (2012) joint Swift/XRT+BAT and
Suzaku/WAM time-resolved spectra are best ﬁtted by a Band
function with a high-energy exponential cutoff. The photon
Figure 12. Spectrum of GRB060814A integrated from 121 to 151 s. XRT data points are shown in red, and BAT data points are shown in green. Two different
spectral modelings are compared: a BPL with a break at ∼5 keV, and a PL+BB, where the BB temperature is ~kT 2 keV.
Figure 13. Comparison between the reduced chi-square of models adopted in
this work (labeled as Models without BB component; x-axis) and models
invoking the presence of a thermal component plus an unbroken nonthermal
component (labeled as Models with BB component; y-axis). Each point
represents one of the time-resolved spectra for which we claim the presence of
a break in the ∼keV range. Gray ﬁlled circles refer to cases where, according to
our analysis, the best-ﬁt model is a BPL, while if a BB is included, the best-ﬁt
model is a BB+PL. The number of dof for the two different modelings in this
case is the same. Red ﬁlled circles show cases for which the best-ﬁt models are
a BPL and a BB+CPL for models without and with a thermal component,
respectively. In this case the model including a BB has one more free
parameter. Blue ﬁlled circles show cases where the best-ﬁt models are a BCPL
and a BB+CPL (same number of dof) for ﬁts without and with a thermal
component, respectively.
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indices below and above the break energy vary in the ranges
a- < < -0.8 0.11 and a- < < -1.8 1.22 (within 90%
conﬁdence level). The break energy is found to be located at
~5 keV. These best-ﬁt parameters estimated in Zheng et al.
(2012) with an inclusion of Suzaku/WAM observations are
consistent with our spectral ﬁt. An alternative modeling has
been proposed by Guiriec et al. (2016b), who included also
data from Suzaku/WAM. Their modeling is composed of the
superposition of three spectral components: a modiﬁed black-
body and two CPL. The reason why two completely different
modelings can both give a good ﬁt to the data is clear from
Figure 2 in Guiriec et al. (2016b): their best-ﬁt model (black
line), which in their interpretation is the sum of three different
components, can be alternatively seen as a single component
from X-rays to MeV energies: a broken power law with a high-
energy cutoff (BCPL). A change of slope around 5 keV is
clearly visible also in their data. The difference then is not in a
different extraction/analysis of the data, but in a different
interpretation of the same spectral features. However, a BCPL
model does not reproduce the optical emission and would
require an additional component at low energy. The three-
component model proposed in Guiriec et al. (2016b) explains
both the optical and the gamma-ray emission.
E.2. Thermal Components
A two-component model, including a BB and a nonthermal
component, has been often suggested to describe XRT+BAT
spectral data. To compare this interpretation with the one-
component models proposed in this work, we considered all time-
resolved spectra for which we claim the presence of a keV spectral
break and reﬁt them with a BB+PL or BB+CPL model. We
chose the best ﬁt among BB+PL and BB+CPL by adopting an
F-test and requiring a signiﬁcance level of at least 3σ. The results
of this analysis and comparison with our one-component models
are shown in Figure 13. We plot the reduced chi-square of models
with a BB component (y-axis) versus the reduced chi-square of
models without a BB component (i.e., either a BPL or a BCPL).
Gray ﬁlled circles identify those cases where the best ﬁts for
models without and with a BB component are a BPL and a BB
+PL, respectively. In this case, the number of dof for the two
different ﬁts is the same. Red ﬁlled circles refer to cases where the
best-ﬁt models are a BPL and a BB+CPL: in these cases the
models with a BB component have one more free parameter. Blue
ﬁlled circles refer to cases where the best-ﬁt models are a BCPL
and a BB+CPL (same dof). The comparison shows that both
modelings return acceptable ﬁts in terms of reduced chi-square,
with a tendency of single-component models to give a smaller
value. We note that when the best-ﬁt model is a BPL, in most
cases the alternative model invoking a BB component also
requires the addition of a high-energy cutoff, i.e., the nonthermal
component is not a simple PL, but a CPL (red ﬁlled circles in
Figure 13). The high-energy cutoff is required because a simple
PL would be too hard at high energies, overpredicting the ﬂux
around 100–150 keV. A cutoff is then required to suppress the
predicted ﬂux. The actual presence of the peak energy identiﬁed
by the BB+CPL ﬁts can be tested with data at higher energies
(>150 keV) when Konus-Wind and/or Suzaku/WAM data are
available (GBM data are not available for these GRBs).
We found that, for GRB061121, BB+CPL time-resolved
ﬁts between 62 and 90 s require peak energies in the range
of 143–423 keV, while, according to Konus-Wind data, the
time-averaged spectrum from 61.9 to 83.4 s peaks at =Epeak
-+606 7290 keV (Page et al. 2007). For GRB070616, spectra
between 138 and 210 s can be ﬁtted by BB+CPL with peak
energies between 91 and 139 keV, while the addition of Suzaku-
WAM data shows that the spectrum integrated between 133 and
159 s peaks at = E 356 78 keVpeak (Starling et al. 2008). For
GRB110205A, three time-resolved spectra at 160–193 s,
193–210 s, and 240–350 s can be ﬁtted by the BB+CPL model
with peak energies at 58–98 keV. The time-integrated spectrum
observed by Konus-Wind (up to 330 s) is ﬁtted by CPL with
peak energy 222±74 keV (Golenetskii et al. 2011). The
spectrum observed by Suzaku/WAM jointly with Swift/BAT
from 20.2 to 318.2 s is ﬁtted by CPL with = -+E 230peak 65135 keV
(Sakamoto et al. 2011b). In the context of models including a
thermal component, XRT+BAT+WAM data for this GRB have
been ﬁtted by Guiriec et al. (2016b). They ﬁnd that a third
nonthermal component is necessary in order to explain the peak
at ∼200 keV. Finally, for GRB130907A two spectra at 71–79 s
and 220–250 s can be ﬁtted with BB+CPL with peak energies at
323 and at 95 keV. The time-averaged spectrum observed by the
Konus-Wind experiment up to 206 s has a peak energy of
394±11 keV (Golenetskii et al. 2013). A proper comparison
would require spectral analysis on the same temporal bin.
However, at least in some cases, it seems evident that the BB
+CPL ﬁts predict a peak energy that is in conﬂict with spectral
data available at higher energies.
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